A Cigré / Cired joint working group 
INTRODUCTION
The concept of rapid voltage changes takes on different meanings depending on the EMC environment being addressed. In some cases, rapid voltage changes can be considered as a subset of more traditional (and repetitive) voltage fluctuation/flicker problems. In other cases, rapid voltage changes are associated with single events such as motor starting or capacitor bank switching (in or out) that may occur repetitively but with long times existing between events. For the former situation, the conventional process for managing voltage fluctuations and flicker using a flicker meter and the associated concepts of P st and P lt is appropriate whenever the fluctuation repetition rate is on the order of 10 minutes or less. For the later situation, statistical assessment based on measured P st (or P lt ) values is not appropriate due to the long periods (greater than 10 minutes) where voltage changes are not occurring during normal operation. The activities of JWG C4.108 "Flicker Objectives" related to rapid voltage changes focuses on this latter EMC situation.
To manage the less-frequent events, most North American utility companies adopt some version of the flicker (P st =1) curve shown in Figure 1 (for 120V, 60 Hz lamps); other utility companies indirectly achieve the same result by using a combination of flicker limits and rapid voltage change limits. It is important to note in Figure 1 that some maximum voltage change is permitted below some minimum fluctuation rate even though a P st value (quite possibly less than 1.0) could be obtained for a particular 10 minute interval during which a voltage change occurred. Both the maximum magnitude and the minimum fluctuation rate tend to vary among utility companies. 
EXISTING DEFINITIONS AND CONCEPTS
Rapid voltage changes are usually defined as changes in fundamental frequency r.m.s. voltages over several cycles. This concept is illustrated in Figure 2 . Rapid voltage changes are usually quick transitions in r.m.s. voltage between two steady-state conditions. They could also be in the form of repetitive changes that are periodic or aperiodic in nature. They are usually expressed as a percentage of the nominal or declared voltage, as shown in Figure 3 . Both of these figures are based on IEC 61000-3-3 and 3-11 and show a voltage decrease; voltage increases can also be considered [1, 2] . Compatibility levels are defined (albeit somewhat vaguely) in IEC 61000-2-2 and 61000-2-12 as follows: In normal circumstances, the value of rapid voltage changes is limited to 3% of nominal supply voltage. However step voltage changes exceeding 3 % can occur infrequently on the public supply network [3, 4] . Compounding the uncertainty of the situation is the fact that the 3% "limit" under normal circumstances is not clearly defined in terms of values and indices which can be directly calculated or measured.
Planning levels do not presently exist for LV applications beyond those given in relevant product family standards. This issue is presently under consideration by IEC TC77/SC77A/WG8 and will result in the new IEC 61000-3-14 technical report dealing specifically with LV systems. In the recently revised IEC 61000-3-7, planning levels are recommended for MV applications based on the cited compatibility levels [5] . Planning levels are also recommended for HV and EHV applications based on (1) the need for margin with respect to MV planning levels and (2) current international practices related to rapid voltage changes. Note that planning level recommendations at all voltage levels include some concept of frequency of occurrence. The recommended planning levels are summarized in Table 1 . It is important to recognize that the values given in Table 1 represent values of d max in Figure 3 , shown as ∆U in Figure 4 , so as to be consistent with international engineering practices (e.g., the rapid voltage change associated with a motor start is the minimum value obtained, usually determined via calculations based on motor locked-rotor characteristics). In other documents, the level or limit may correspond to d c in Figure 3 . Table 1 . IEC 61000-3-7 Planning Levels for Rapid Voltage Changes ∆U/U N ( % ) Number of changes N MV HV / EHV n ≤ 4 per day 5 -6 3 -5 4 per day < n ≤ 2 per hour 4 3 2 < n ≤ 10 per hour 3 2,5
A summary of (some of) the present engineering practices obtained by JWG C4.103 is given in Maximum voltage change for a given repetition rate is derived from a P st =1 curve assuming rectangular fluctuations. 
EXISTING MEASUREMENT AND ASSESSMENT METHODS
At present, no methodology is given for measurement of rapid voltage changes. IEC 61000-4-30 states that the characteristic parameter of the rapid voltage change is the difference between the steady-state value reached after the change and the initial steady-state value [6] ; this is in direct conflict with Figures 3 and 4 
Two possible indices are available based on the quantities U 1/2 (t k ), U vs (t k ), and U sh (t k ) where t k represents the present instant in time (in terms of half-cycles). Note that in practice, t k could represent time in terms of full cycles in the event that only single-cycle r.m.s. measurements are available. In this case, the summation in Equation (1) would be modified from 300 to 150.
The first possible index is based on a comparison for each value U 1/2 (t k ) to the corresponding (in time) value of U vs (t k ). This index would be intended to capture rapid voltage changes which could have significant magnitude but be of very short duration. One possible way of implementing this index is shown in Equation (3).
The result of Equation (3) is a value that expresses the relative change in a one-cycle r.m.s. value with respect to the corresponding (in time) very-short-time (three second) aggregated r.m.s. value obtained via Equation (1) . Voltage changes which can be considered "rapid" with respect to the three-second aggregation period used in Equation (1) would appear as relatively large values when Equation (3) is evaluated. So as to provide some indication of the cumulative occurrence of rapid voltage changes over the three second time period, the ∆U 1/2 values can be aggregated over the period as shown in Equation (4) to form a second index. This index value can be compared to the corresponding U vs . As was the case with Equation (1), practical constraints may reduce the calculation to using only full (one) cycle r.m.s. values.
( ) ( )
In a manner similar to Equation (3), each very-short-time r.m.s. value can be compared against the corresponding short-time r.m.s. value to produce a value ∆U vs-sh (t k ). These values can be aggregated over a ten-minute period, similar to Equation (4), to form an aggregate value ∆U sh (t k ).
With the measures of Equations (1)- (4) along with the extensions to cover short-time periods as described in the previous paragraph, it is possible to propose a set of indices for rapid voltage changes. These are shown in Table 3 . Each 10 minutes
Note that in Table 3 , some indices seem better suited for a sliding window type algorithm wherein all values are updated each ½ (or 1) cycle. The indices ∆U vs and ∆U sh could be updated every 3 seconds and 10 minutes, respectively, using a stepping window algorithm if desired.
At this point in the work of C4.108, it is not possible to recommend any of these possible indices (or perhaps others). Laboratory and field testing is required to insure that 1. Any proposed indices provide information regarding voltage quality that is not otherwise captured by some other existing index (e.g., P st measures certain voltage changes; any new index would need to provide additional information). 2. Any selected indices provide measures that can be calculated and measured as parts of pre-and postconnection assessments, respectively.
Only limited information is available regarding the first item. Based on recent results in [7] , two test measurement results show that the last two indices in Table 3 The second item also requires further discussion. As a result of basing the measurement procedure on defined and available quantities in IEC 61000-4-30, configuring hardware to measure indices such as those proposed in Table 3 accurately and repeatedly should be straightforward. Recalling the two possible conceptual definitions of rapid voltage changes, d c and d max in Figure 3 , associating any proposed index with values that can be calculated as a part of a pre-connection assessment may be quite challenging. The C4.108 WG is continuing to work on these issues at the time of this writing.
DO RAPID VOLTAGE CHANGES CONSTITUTE A REAL EMC PROBLEM ?
Beside the fact that they can cause or contribute to light flicker when their repetition rate is high enough, other possible effects and consequences of rapid voltage changes are sometimes reported in the literature: they can cause the malfunction of some control systems acting on the voltage angle; they can induce annoying braking or accelerating torques on electrical motors; and they could result in the impairment of some very sensitive electronic equipment.
With the growing penetration of dispersed generation units in the LV distribution networks, the number of voltage fluctuations is likely to increase. These phenomena take the shape of rapid changes due the varying character of the primary energy (photovoltaic, wind etc.) and can mostly result in small temporary overvoltages, the effect of which is still not well documented.
At this time, there is a lack of information to assert definitely that rapid voltage changes constitute a real EMC problem. When their repetition rate is very low, the only practical observation is that they induce some psychological discomfort to the power grids users, giving them the feeling that "something wrong or bad is happening on the grid." This rather subjective feeling leads sometimes to complaints (although not being flicker, in the sense of IEC 61000-4-15) with which utilities have to cope.
CONCLUSIONS
This paper represents a status report of the work completed to date by CIGRE/CIRED JWG C4.108, "Flicker Objectives" regarding rapid voltage changes. This JWG is essentially charged with evaluating the need for improvements in EMC coordination in the area of rapid voltage changes and proposing solutions. In conjunction with the previous work of JWG C4.103, this JWG has determined that existing utility industry practice regarding rapid voltage changes varies widely and is not necessarily consistent with standardized recommendations. However, the JWG has been unable to establish definitively that an EMC problem exists in this area to the point that more rigorous procedures are required.
Basic EMC, product family, system-level coordination, and measurement standards have been carefully reviewed by the JWG and compared to a survey of actual industry practice. It has been found that existing standards do not address rapid voltage changes in the same manner as is commonly used in the industry and improvements should be considered. With specific regard to measurement and assessment, the JWG has found that measurement methods are loosely defined and tend not to match what is measured (or calculated) in practice. No indices for assessment have been standardized and the JWG has proposed several indices for possible use. However, the JWG recognizes that much work remains to be done with any proposed new indices for rapid voltage changes to insure that they do indeed address an area of need in an accurate, repeatable, and technically defensible manner.
